β -Ga 2 O 3 is emerging as an attractive candidate for enabling next-generation power transistors [1] [2] [3] [4] [5] and deep-UV photodetectors [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] due to its large band gap (4.6-4.9 eV) 22, 23) which provides it with a higher breakdown field as well an intrinsic ability to reject visible wavelengths; the ability to grow it from the melt 24, 25) into single crystal bulk wafers gives it an economic edge over its rival wide band gap technologies. Excellent solar-blind performance with high responsivity and low dark currents have been reported for β-Ga 2 O 3 deep-UV photodetectors. 6, [26] [27] [28] [29] [30] [31] [32] Both Schottky 14, 17, 27, 30, [32] [33] [34] and metal-semiconductor-metal (MSM) 7, 9, 13, [19] [20] [21] 35, 36) type device architecture have been studied on bulk as well as epitaxial β-Ga 2 O 3 on foreign substrates. Battery-free, self-powered UV detectors reduce the weight and power supply requirement of imagers and prove to be beneficial in terms of reducing the footprint and complexity of systems. Several applications such as wearable UV sensors or space-borne UV imagers using selfpowered UV detectors are still in nascent stage of investigation. [37] [38] [39] [40] There have been reports on bulk and epitaxial vertical Schottky β-Ga 2 O 3 self-powered detectors in the literature although no report on self-powered lateral epitaxial β-Ga 2 O 3 -based UV detectors exists. 14, 17, 27, 30, 33, 34) Here, we report on β-Ga 2 O 3 lateral MSM UV-C detectors, with an asymmetric metal contact scheme which leads to zero bias responsivity. Compared to conventional vertical Schottky detectors, lateral devices reported in this work circumvent the requirement of forming good ohmic contacts, doping and etching, thereby greatly simplifying the device processing. The device exhibited zero-bias spectral responsivity of 1.4 mA W −1 corresponding to an external quantum efficiency (EQE) of 0.5%. The spectral response, current-voltage (I-V ) characteristics, transient response, specific detectivity (D + ), linearity and repeatability of the detectors have been investigated.
Growth of β-Ga 2 O 3 thin film on c-plane sapphire was carried out by plasma-assisted MBE equipped with a standard effusion cell for gallium and a Veeco Uni-bulb O 2 plasma source. The β-Ga 2 O 3 film was confirmed to be single phase (-201)-oriented with thickness of 150 nm from X-ray diffraction (XRD) and X-ray reflectivity (XRR) measurements. The details of epitaxial growth and material characterization have been reported earlier. 20) Following standard lithographic process, Ti (20 nm)= Au (100 nm) metal stack was e-beam evaporated on the β-Ga 2 O 3 films to form one side of the metal contact (quasiohmic) in the asymmetric MSM structure. Post metal evaporation, a rapid thermal annealing (RTA) of Ti=Au metal stack was done at 470°C for 1 min in nitrogen ambient. Subsequently, Ni (20 nm)=Au (100 nm) metal stack was evaporated for the other Schottky metal contact to obtain photodetectors of asymmetric-MSM geometry as shown in the inset of Fig. 1 . Photodetector consisted of 36 interdigitated fingers with finger width of 4 µm, length of 309 µm and spacing of 6 µm, resulting in an active area of 260 × 300 µm 2 . The photo current of the detector was measured using Sciencetech quantum efficiency (QE) setup consisting of a 150-W xenon lamp, monochromator and a Keithly-2450 source meter. For intensity=power values xenon lamp was calibrated with a standard silicon photodiode attached to the QE setup. Figure 1 shows the variation of photo current and dark current with voltage (I-V ) for 20 consecutive sweeps. The current values were found to be repeatable and stable over multiple sweeps. The photo current was measured at an illumination of 255 nm (illumination intensity ∼4.6 mW cm . Inset shows schematic of lateral self-powered detector based of β-Ga 2 O 3 . Ni=Au and Ti= Au metal stack was used resulting in asymmetry of the I-V characteristics.
tacts unlike the photo and dark currents of the conventional-MSM detectors. The asymmetric barrier heights for the detectors arise from the difference in the work functions of Ni and Ti metals used to form the interdigitated contacts on β-Ga 2 O 3 thin film resulting in an asymmetric I-V. The photo currents at +15 V (forward bias) and −15 V (reverse bias) for detectors were thus measured to be 180 and 19 µA, respectively, while the corresponding dark currents were 100 and 1.7 nA. The detector was found to exhibit a photo to dark current ratio of ∼10 3 at a bias of 5 V (illumination intensity ∼4.6 mW cm
−2
). Figure 2 (a) shows spectral response (SR) versus wavelength (λ) at zero bias for the photodetector in log scale. SR was calculated using the expression below:
where I Photo is the photocurrent, I Dark is the dark current, P is the optical power density, and A is the active area (A = 300 × 260 µm 2 ). The detector exhibited a cutoff in responsivity at 255 nm. Peak responsivity value of 1.4 mA W −1 at zero bias was obtained corresponding to an EQE ∼ 0.5%, indicating its self-powered nature. It is more than an order of magnitude higher than the zero-bias responsivity of 0.01 mA W −1 reported for β-Ga 2 O 3 -nanowire Schottky detectors. 34) Further, voltage-dependent spectral response was measured. Figure 2 (b) shows SR versus wavelength at different applied biases in forward and reverse directions. The measurements in forward bias refer to positive potential on Ni=Au contact and vice versa. With increasing applied biases in the forward=reverse region, the peak SR values (at 255 nm, illumination intensity ∼4.6 mW cm −2 ) were also found to be increasing while the overall SR in the forward bias regime was higher indicating a higher gain. The UV-to-visible rejection ratio of the detector in this study was estimated by dividing the responsivity at 255 nm by that at 450 nm and was found to be ∼10 5 at −5 V and ∼10 2 at zero bias respectively, testifying the solar-blind nature of the photodetectors. Figure 2 (c) shows the variation of peak SR (at 255 nm) with applied bias in forward and reverse bias regions.
Intensity dependent measurements of photocurrent were also performed. Figure 2 (d) shows photocurrent variation with optical intensity at different reverse bias voltages. Photocurrent was measured at an illumination of 255 nm, while the optical intensity was varied from 1.5 to 4.6 mW cm −2 , which were the lower and upper limits of the equipment respectively. The photocurrent of the detector (wavelength 255 nm) was found to be increasing linearly with the increase in the optical intensity at a particular bias within the specified range.
Further, an approximate calculation of the barrier height (BH) at the junction was done from the dark I-V characteristics, under the assumption that almost all the potential drop happens at the reverse-biased junction. BH in forward and reverse junction was extracted using the modified Schottky equation below:
where I 0 is the saturation current, n is the ideality factor, e is electronic charge, V is applied bias, k is Boltzmann constant, T is temperature in kelvin, I is the measured current, Φ B is the barrier height, A is the area of the detector metal contact, and A + is the Richardson constant. Based on a further simplification (V < −0.1 V and T ≤ 400 K) of the expression for MSM devices, Eq. (2a) can be modified as below: 42) I exp
Using Eqs. (2a)-(2c) and taking Richardson constant value ∼41 A cm −2 K −2 for β-Ga 2 O 3 , fitting was done as shown in Fig. 3(a) . The BHs for the detector at Ti=Ga 2 O 3 and Ni= Ga 2 O 3 junction were extracted to be 0.72 eV and 0.83 eV, respectively. Thus, the lower barrier height at the Ti=β-Ga 2 O 3 junction compared to the Ni=β-Ga 2 O 3 junction leads to a higher measured dark current in the forward bias region. Similar observations are reported in literature for GaN 43, 44) and AlGaN 45, 46) systems. Figures 3(b) , 3(c), and 3(d) show the schematic of band diagram for photodetector in equilibrium (zero-bias), forward and reverse bias conditions respectively. The background carrier concentration was estimated to be 1 × 10 15 cm −3 from the capacitance-voltage (C-V ) done on β-Ga 2 O 3 on Sn-doped substrate (identical growth conditions). Using carrier concentration of 1 × 10 15 cm −3 and total conduction band density-ofstates of 3.76 × 10 18 cm −3 (which was calculated using m + = 0.28m 0 , at room temperature), the calculated depletion width at Ni=Ga 2 O 3 and Ti=Ga 2 O 3 junction were 1.07 and 1.01 µm, respectively for zero-bias condition under dark condition. For zero-bias condition under UV illumination, electronhole (e-h) pairs will be generated in Ga 2 O 3 as shown in the Fig. 3(b) . There is an asymmetry in the barrier height at Ni=Ga 2 O 3 and Ti=Ga 2 O 3 junctions. Due to the difference in barrier height, there is an unequal in-built electric field even at zero bias condition near the junction. The barrier height, builtin electric field and depletion width at Ni=Ga 2 O 3 junction are larger compared to that of Ti=Ga 2 O 3 , the e-h pairs generated near depletion region of Ni=Ga 2 O 3 junction will be separated away quickly. As a result, the electrons and holes diffuse toward the Ti and Ni electrode respectively, thus producing the total loop-circuit current for self-powered UV detection.
Similar observations have been reported earlier. 47, 48) For forward bias condition, a positive voltage was applied to the Ni=β-Ga 2 O 3 junction, the photogenerated electrons drift towards the Ni contact; whereas, photogenerated electrons drift towards the Ti contact in reverse bias condition.
Hole trapping and=or low hole mobility has been reported as the mechanism for the gain in β-Ga 2 O 3 photodetectors. In forward bias condition, the photogenerated electrons drift towards the Ni contact and holes gets accumulated at the Ti= β-Ga 2 O 3 junction. The junction thus gets positively charged. To maintain charge neutrality, more electrons from the Ti metal will flow towards the β-Ga 2 O 3 leading to photo-induced lowering of the barrier (ΔΦ B ) height. Similarly, the photoinduced barrier lowering will also happen in reverse bias situation as shown in Fig. 3(d) . However, a higher gain in the forward bias condition compared to reverse bias was observed, which can be explained using the equation reported earlier:
where P Optical is the optical power. It is clearly evident from Eq. (3) that the additional responsivity (SRA)=gain depends on two factors: absolute dark current (I Dark ) and the photoinduced barrier lowering (ΔΦ B ). For the similar values of ΔΦ B at Ti=β-Ga 2 O 3 junction and Ni=β-Ga 2 O 3 junction in forward and reverse bias respectively, the responsivity=gain will be dominated by the absolute value of dark current since the exponential dependence of responsivity comes from exponential dependence of dark current with the applied bias. Hence, the high gain in the forward bias compared to reverse bias condition can be attributed to the higher dark current. In forward bias (positive voltage at Ni contact), the electron will get injected from Ti=Ga 2 O 3 junction and sees a relatively smaller barrier and hence, higher dark current. Figure 4 shows transient current measurements performed at zero bias for the detector for 22 consecutive cycles to check the stability and repeatability of the detectors. Rise times (10-90% of value) was estimated to be 1.1 s while the fall times (90-10% of value) was found to be 0.3 s (inset of Fig. 4 ). The on=off current ratio was found to be ∼10 3 . The slow response time can be attributed to hole trapping at the junction and in the bulk as reported in literature earlier. 20, 50) The detectors were found to be highly stable and repeatable.
An important figure of merit for a photodetector is the R 0 A product, where R 0 (the derivative of the dark I-V characteristic curve at zero bias) is the dynamic resistance at zero bias and A is the effective area of the detector. In general, a high R 0 A product is required for detectors to have high specific detectivity (D + ). The D + of a photodetector can be determined by the following expression:
The first term arises from the thermal noise sources within the photodetector. The second term is due to the background= dark current contribution. The R 0 A product calculated to be 4. vertical Schottky detectors respectively, yet there has been no report on zero-bias responsivity for planar and epitaxial β-Ga 2 O 3 UV photodetectors with MSM based architecture.
In conclusion, we have demonstrated self-powered planar UV-C MSM photodetectors based on β-Ga 2 O 3 , suggesting their potential use for focal plane arrays. Zero bias responsivity of 1.4 mA W −1 at 255 nm (EQE ∼ 0.5%), dark current <10 nA at 15 V, UV-to-visible rejection ratio ∼10 5 at 5 V, good linearity up to optical power density of 4.6 mW cm 
